Abstract-A DC microgrid comprised of a random power source, a random impedance load, a fixed ballast and a stabilizer unit (lead acid battery + ultra-capacitor bank) was modeled and constructed. A fuzzy-logic control algorithm was implemented to demonstrate stabilization of a DC microgrid to a given tolerance while demonstrating improved management of the storage systems when compared against a tradition proportional-integral control algorithm.
I. INTRODUCTION
With attractive federal tax credits available, the cumulative, US, installed power generation capacity attributed to renewable resources nearly doubled over the time period 2006-2016. In a recently released report, the National Renewable Energy Laboratory (NREL) is predicting this trend to continue into 2020s and beyond in response to the passage of the Consolidated Appropriations Act of 2016 and re-appropriation of renewable energy tax credits in the FY2018 federal budget [1] . As more renewable energy resources are deployed with particular interest in roof top photovoltaic (PV) and variable frequency windpower, Thomas Edison's vision of localized electrical generation and DC microgrids is rapidly becoming a reality [2] .
From a more global standpoint, the implementation, management and control of a renewable energy sourced, DC microgrid is of extreme interest especially to the 1.8 billion people (worldwide) that lack access to electric power. Operation of a localized DC power system driven by renewables and management of the storage elements in a practical system, presents some unique control challenges that are addressed in this work.
II. OBJECTIVES

A. Overview
The work presented here is focused around a comparison of a fuzzy-logic control (FLC) algorithm and a traditional proportional/integral (PI) algorithm control of a DC microgrid. Of foremost consideration is to determine if a fuzzy-logic based controller can stabilize a DC microgrid to within a given tolerance in a manner comparable to that of a PI controller, while offering improved management of the energy storage systems [3] . Computer simulations will investigate if a DC microgrid with a storage system comprised of batteries and ultracapacitors under FLC control can (1) execute automatic start-up functionality and (2) exert self-limiting functionality to protect the storage systems. Fig. 1 shows a basic representation of the microgrid under investigation The four elements present are a randomly varying source, a randomly varying load a bi-directional and controllable stabilizer and a ballast load. All four elements are tied to a common bus.
III. MICROGRID CONFIGURATION
A. Simplified Model
B. Random Source
Due to the uncontrolled and intermittent nature of renewable sources, maximum power point tracking (MPPT) is often employed to optimize the energy derived from the resource. With this in mind, the random source is configured as a constant power source. A random number generator provides a target power and the associated converter tracks to this level. A boost converter is utilized in simulation where the control routine measures the input voltage and exerts control on the duty cycle to maintain input current to the prescribed power level. Figure 2 shows the schematic used to implement and simulate the random power source. Practical losses are added in the form of resistances on both the high side and low side of the switch. The differential equations that describe the converter's behavior are defined as
The inductors modeled in this research are assumed to be operating in the continuous conductance mode.
C. Random Load
A random power consumption at the nominal bus voltage is generated and an equivalent nominal resistance is calculated and imposed as a random load on the bus. This type of loading was chosen over a constant power load for simplicity and to avoid the inherent destabilizing effect of constant power loads. [4] Despite the reduced complexity this variability in loading is sufficient to demonstrate the operation of PI and FLC systems. While such a random load scenario is easy to implement in software, a hardware realization is more difficult. There are several methods used to emulate a variable resistance as described in [5] . However, in this work a scaled version of bus voltage was applied across a known load resistance connected to a buck converter. The relationship between the effective bus resistance, the fixed load resistor and the applied load voltage is given by
Figure 4 depicts one-half of a two phase interleaved buck converter that was used to emulate the random load. The value of the passive components utilized in the simulation were
D. Stabilizer
The grid stabilizer is implemented as a three-phase interleaved converter, with two of the three phases dedicated to energy storage elements and the third reserved for connection to an energy dissipation element. Figure 3 shows the overall schematic of the stabilizer as modeled and constructed in this research. The interaction between the stabilizer and the bus system is determined by
E. Battery Bank
Four 12 V, 10 Ah lead-acid batteries were connected in series to form the battery bank in this work. Although Li-ion batteries offer superior performance in energy density (by mass) [6] , lead acid batteries were selected as they were readily available at modest cost and suitable capacity rating. While the curves relating cell voltage vs. SOC are non-linear as a whole, the range between 20% SOC and 80% SOC exhibits a near linear relation relationship.
Therefore if battery operation is constrained in a moderately modest manner, the battery model and control systems can be greatly simplified. Figure 3 depicts the battery (far left) modeled as a constant base voltage with a large series of capacitances and (internal) resistances. The behavior of the battery bank portion of the stabilizer can be described mathematically by
and
The specific passive component values used in simulation and closely matched in hardware are:
F. Ultracapacitor Bank
Similar to the battery bank, the ultracapacitor bank is connected to the low side of a bi-directional DC-DC converter. Due to the low voltage rating of commercially available ultracapacitors, 20 BCAP3000 units from Maxwell Technologies were series connected to form a 150 F , 54 V DC cap bank. The minimum capacitor bank voltage also needs to be constrained for effective operation and 20 V was chosen as a modest 
G. Overvoltage Discharge (OVD) Phase
While it is desirable to store as much energy as possible for future use, there may be times when a renewable energy source produces more energy than is presently demanded by the load or can be stored by the batteries or ultracapacitor bank. In anticipation of such event a 500 W , 2.8 Ω resistor bank in series with a 600 μH inductor is incorporated into the bus stabilization scheme. The operation of the OVD is given by
H. Bus Ballast
Given the finite possibility that some of the units connected to the proposed microgrid may be in the form of a boost converter and boost converters operating at no load are known to become unstable and destroy themselves, it may prove useful to have some minimum load on the bus at all times. The bus ballast depicted (far right) in Fig.4 is comprised of 
IV. STABILIZATION
A. Stabilization Strategy
Fig . 5 shows a functional block diagram for the stabilization strategies using two different control methodologies.The job of inner loop PI controller was to control the duty cycle of the PWM driving the boost converter, forcing the variable source to deliver constant power to the load bus. The outer loop controllers (either PI or FLC) track the error between the nominal bus voltage and actual bus voltage and output a duty cycle command to the stabilizer.
B. PI Stabilization Algorithms
The base or control case implemented is that of two cascaded PI controllers, with one control pair for each phase. The two controllers are arranged so that the outer loop tracks the error between the nominal bus voltage and the actual bus voltage. The error reported by the outer loop results in a current input to the inner loop which is compared to the actual phase current. The difference in these two currents results in a duty cycle switching command to the stabilizer. The outer loop voltage tracking functionality makes the system more resistant to errors and disturbances than lower level implementation and control of the stabilizer unit as demonstrated by Vilanova and Arrieta. [7] Saturation non-linearities are implemented in all the PI controls. Duty cycle outputs for the battery and ultracapacitor banks are limited to a maximum of 80% on the low-side switch. Current reference outputs are limited based on the specific device attached to each phase. E.g., with a nominal 10 Ah capacity rating for the battery, its phase current is limited to ±5.0 A. The ultracapacitor bank was constrained to ±11.0 A. The OVD phase was limit to sink a maximum current of 6.0 A.
With the aforementioned goal of improving the treatment of the storage phases, the gains on the outer PI loop servicing the ultracapacitor phase were selected to be several times greater than that of the battery phase. This has the effect of allowing the ultracapacitor bank to source and sink more current in response to variations in the source and load. The inner PI loop gains were set identically for all phases.
The OVD phase was configured to dissipate energy based on the SOC of both storage phases. Individual phase voltages are compared to nominal "high SoC" thresholds (80% SoC), scaled, saturated and added together before being used as an input to the PI control block. The scaling and saturation was adjusted to that each storage phase can utilize up to half of the OVD phase power dissipation capacity at 100% SoC.
C. Fuzzy Logic Stabilization Algorithm
The primary goal of the FL control system is similar to that of the PI system: source or sink energy to counteract variations in bus voltage. While performing its primary function, additional fuzzy rules were implemented to produce secondary and ternary effects of protecting the storage devices and improving the grid energy balance over variations in load and source.
Like the cascaded PI controller discussed in (B), an inner PI loop is used in the stabilization algorithm to track the phase current to a reference value. In the FL control algorithm, the reference current values are passed to the same inner PI loop however the current values are derived from defuzzified outputs of the FL control system.
D. Fuzzy Logic Membership Functions
There were four inputs to the FL controller: bus voltage error, integrated bus voltage error, battery voltage and ultracapacitor voltage. The inputs were subjected to set of expert human knowledge, fuzzy logic rules to generate three current reference outputs: battery current, ultracapacitor current and OVD current. The input and output values were normalized over ranges of either [-1,1] or [0,1], with input values conditioned into those ranges and output values out from those ranges.
Membership functions describe how much a given value "belongs" to a given fuzzy set and define rules under which the fuzzy engine operates. The membership functions for the ultracapacitor SoC and integrated bus voltage error are given in Figures 6 and 7 respectively. The general operation of the FL control was designed to have the ultracapacitor bank source and sink the majority of the current needed to stabilize the bus. The battery phase is constrained to exert a limited effect on the bus except when: (a) the ultracapacitor bank is nearing its SoC limits and cannot perform the required action or (b) the battery bank is nearing its SoC limits and needs to be brought back to a state nearer to the middle of its acceptable range. Additionally, if the storage elements are found to be at the opposite ends of their SoC limits, the FL control will manage energy transfer between the banks and attempt to balance them out. Lastly the OVD phase will be called upon by the FL control only when the both energy storage banks are near their maximum SoC, and the source is outputting more power than demanded by the load.
The FL control implemented, involved a 20 element rule-set providing functional relationships between the inputs and the outputs. The defuzzification process started with the aggregation of the outputs of the fuzzy rules. In this implementation, the aggregation was performed by taking the sum of the output trigger weights for each membership function across all the rules that influence said function. In the simulation, each membership function is scaled by the sum of the triggering weights, then the union of the membership functions is taken, and the center of that area is computed (via numeric integration). The location of the center on the output current axis is the system reference output.
V. SIMULATION EXAMPLE
The differential equations that relate the electrical behavior of the various devices in the microgrid model were implemented in the Simulink graphical programming environment of MATLAB. Several scenarios are presented here to demonstrate the fuzzy logic stabilization in a microgrid.
A. Inner Loop Configuration
Both control schemes utilized the same inner loop currenttracking PI controls with the exactly the same gains. The PI gains were k p = 0.1 and k i = 0.01 for all the phases, with duty cycle saturations of [0.2, 0.8] for the battery phase, [0.1, 0.9] for the ultracapacitor phase, and [0, 1] for the OVD phase. While this choice is not consistent with demonstrating optimal performance from both schemes it was chosen to highlight the difference in the outer-loop influence of PI vs. FL control.
B. Short Term Performance Results
The first simulations were conducted to verify the control algorithm's ability to stabilize the bus voltage to a nominal value (100 V ) in the presence of random source and load fluctuations. Given update rates of 10 s and 3 s for the source and load respectively, a 60 s simulation was performed to observe the result. Figures 8 -11 show the performance of both control systems. Please note the battery and ultracapacitor storage elements were initialized to 50% SoC for this simulation. Both control strategies demonstrate the desired stabilizing effect on bus voltage with each regulating the bus voltage to within 1% of the nominal voltage. The PI system exhibits better steady-state regulation, while the FL control produces reduced peak deviation from nominal voltage. 
C. Long-Term Performance Results
Longer duration PI vs. FL microgrid stabilization performance was investigated by executing simulations for 600 seconds. The initial battery bank voltage was set to 49.0 V and the ultracapacitor bank to 35.0 V (both 50% of SoC). Because of the dependency of the pseudo-random numbers governing the variability of the source and load, each scenario was repeated 20 times, with the random number seed changing each time based on the system clock. The system states of particular interest were the bus voltage, the battery bank voltage and current, the ultracapacitor bank voltage and current and the OVD current. In addition, the deviation in bus voltage from nominal voltage and the square of the deviation were both numerically integrated. The former metric describes the overall ability of a control system to regulate the voltage, while the latter describes the tendency of a control system to control peaks in the deviations. The battery and ultracapacitor bank currents are also numerically integrated to describe the demand imposed upon the storage elements. Table I 
D. Additional Long Term Performance Results -Depleted Ultracapacitor Bank
To compare and contrast the microgrid energy management under PI and FL control several scenarios were simulated with various storage bank initial conditions. In the first simulation the battery bank was charged to 95% SoC and the utracapacitor bank to 5% SoC. Figs. 14, 15 and 16 show the bus voltage, VI. CONCLUSION The simulations conducted and presented here indicate that the FL controller can regulate bus voltage in a manner similar to that of a PI control system. Additionally, the rules defined in the FL engine allow for the additional functionalities of self-protection, storage bank balancing, and startup. 
